This paper evaluates the fine sediment discharge patterns of rivers in the northern part of Vietnam and the Enshu-nada coast in Japan. The monitoring system was developed based on the MODIS satellite data which has archives for the last 16 years. The system enabled us to capture the different patterns of fine sediment discharge with its relative magnitudes and we found through the monitoring that the amount of turbid discharge in the rivers of the Red River system was reduced while that of the Ma River system tended to be increased. The results of the satellite-based monitoring system present the discharge pattern on a daily, monthly and yearly basis. The daily basis results support the feasibility of the use of the present MODIS-based monitoring system for the investigation of turbidity patterns which may be affected by daily factors such as tides and winds. Monthly or yearly averaged turbidity patterns along the coasts provide us with the additional information of the long-term trends of sediment discharge and the behavior of littoral movement. The results of suspended sediment patterns and their magnitudes are further discussed from a previous study around the Ma river study site. For instance, the decreasing trend of the Red River discharge and increasing trend of the Ma river discharge surely corresponded to the estimated littoral drift based on the analysis of thermoluminescence.
INTRODUCTION
Monitoring the amount of sediment discharge from the rivers and alongshore budgets for the littoral drift of sediments is one of the key issues for sustainable coastal beach protection. Satellite-based monitoring of the spatial and temporal variations of turbid river plumes may be one of the effective methods that enable us to understand long-term trend of sediment discharge from rivers and the resulting alongshore budget for sediment transport. This paper aims to evaluate the validity of such satellite-based monitoring techniques through the application of the proposed method to two sites: the one in the northern part of Vietnam and the other along the Enshu-nada coast in Japan.
In Vietnam, the Red River system releases large amounts of sediment to the Gulf of Tonkin and it consists of eight river mouths. The construction of dams and rerouting of river channels have had a major impact on the diverse sediment discharge patterns in the north of Vietnam. In the study area, shown in Fig.1 , there are several on-going national projects and thus suspended sediments near the coast have a major impact on all the economic activities and environmental aspects.
Many studies have been carried out to map the suspended sediments by remote sensing techniques 1),2) , although the adoption of continuous satellite data with higher temporal resolution is lacking in most of these studies. Coastal monitoring with the highest possible temporal resolution is also one of the important focus of this study.
MATERIALS AND METHODS (1) MODIS satellite data and processing
As one of our important intention is to use the hig her temporal resolution data, we used the Moderate Resolution Imaging Spectroradiometer (MODIS) sat ellite data for this study. The MODIS satellite has an imaging archive collected over 16 years and it is ca pable of obtaining two images per day; the first imag e of the day is observed around 10:30 a.m. by the sat ellite, Terra, and the second is observed after a 3-hou r time lag at 1:30 p.m. by the satellite, Aqua in local time. MODIS has 36 multispectral bands at different spatial resolutions: 250m (two bands), 500m (five b ands) and 1,000m (29 bands).
A previous study carried out at the Vietnam study site demonstrated that the MODIS red band can map the turbid water in an acceptable manner 3) . Other existing studies also demonstrated that the red band portion of the electromagnetic spectrum is more sensitive to the different levels of suspended sediment concentration. The band 1 and the band 2 of the MODIS data represent the red and near infra-red (NIR) wavelengths, respectively.
The MODIS data can be freely downloaded from several servers at different processing levels. This study used the daily level 2G (L2G) surface reflectance products of both satellites: MOD09GQ (Terra) and MYD09GQ (Aqua). Those daily products are atmospherically corrected to exclude the influence of atmospheric gases and aerosols from the surface spectral reflectance 4), 5) . Those products contain the red and NIR bands at a 250m-pixel resolution. Following the previous study 3) , both bands were used to mask out the clouds and the cell based system was adopted to obtain the maximum possible turbidity observations within the monitoring system.
(2) Turbidity estimation based on MODIS
Several field surveys were carried out to collect suspended sediments and to measure the turbidity of the surface water. All the data collection activities were carried out at the same times as the satellite image acquisition times. To observe the characteristics of the phenomena in the wet and dry seasons, field surveys were carried out in July 2014, September and November in 2015, and March 2015 and February 2016, respectively. The survey area covered the Van Uc River mouth and the Cam River mouth, including Hai Phong Bay. To measure the suspended sediment concentration (SSC), 500ml of water samples were collected at locations where we observed different concentrations of turbid water. At the same time, the turbidity was measured using the turbidity meter.
Pre-weighted glass microfiber filter sheets with retention capacity of 0.7 µm were used to filter the sample at the field. All the filter papers were separately stored and brought to the laboratory to measure the SSC. Fig. 2 shows photographs of field work and collected samples. Prior to the weight measurement of collected samples, deionized water was thoroughly passed through the filter papers. To remove any volatile objects on the filter, these samples were also heated in the oven for 15 minutes with the temperature at 220 0 C and for another hour at 110 0 C. These procedures were repeated three times to obtain the average weight of the suspended sediments.
Finally, the relationships among the measured turbidity, SSC and MODIS red band surface reflectance data were investigated through comparisons of obtained data. Fig. 3 shows the relationship between the measured turbidity, T (FTU), and SSC (mg/l), with the following linear regression formula with R 2 =0.934. While combination of these two equations yields estimations of suspended sediment concentrations of the surface water along the coast, the relationship between SSC and the turbidity, i.e., eq.(1), may depend on local conditions and thus may require calibrations at each site. This paper focuses on the observations of spatial and temporal turbidity distributions along the northern coast of Vietnam and the Enshu-nada coast. Linear simple relationship between SSC and turbidity, shown in Fig.3 , supports the validity of the observations of turbidity patterns for capturing overall behaviors of fine suspended sediments discharged from the rivers.
Based on the relationship between the turbidity and the MODIS surface reflectance, finally, all the archive images were mapped into turbidity. Fig. 5 shows the examples of derived turbidity maps of selected dates in December and January (dry season) and June to September (wet season) in the year of 2014 around the Ma and the Day river mouths.
RESULTS AND DISCUSSIONS
This section discusses the validity and various features of the behavior of discharged sediments inferred through the application of the present monitoring techniques.
(1) Data coverage
To investigate the data availability along the northern coast of Vietnam, Fig.6 first compared the daily variations of the extracted turbidity along the entire coast of the study area shown in Fig.1 . In the Figure, the color indicates the turbidity (FTU) with white spaces corresponding to the missing data due to the presence of clouds. The horizontal axis represents the Julian date of the year of 2015. The vertical axis is the alongshore distance covering from the south of the Cam River (top) to the south of the Ma River (bottom). As seen in Fig.6 , the present monitoring system successfully obtained most part of turbidity data throughout the year except the dry season from date 30 to 80, i.e., February to March. Similar trend was also observed in the similar turbidity maps obtained from different years. along the entire coast of the study area. While the definition of vertical axis is the same as Fig.6 , the horizontal axis of Fig.1 represents the year from 2000 to 2015 and the color map indicates the estimated yearly average of the turbidity (FTU). The high turbidity is observed near the mouths of the rivers, and a different magnitude highlights the different levels of river discharge over the time along the shore. The Van Uc River mouth, for example, had the highest turbidity along the entire Red River system and the higher turbidity tends to be extended southward, i.e., toward the Thai Binh River. This feature indicates that the Van Uc River had the highest discharge and discharged sediment tends to travel southward. It is also interesting to note that the higher turbidity around the Van Uc river tended to decrease after the year of 2010 while the turbidity around the Ma River mouth has been increased in the recent five years.
To investigate the more detailed trend of the turbidity change at each river mouth, Fig.7 compares the time history of the yearly average and standard deviation of the turbidity at selected river mouths indicated in Fig.1 . As seen in the figure, the yearly average and the standard deviation of the turbidity show similar trends. Time profiles of the rivers in the Red River system show decreasing trend while those of the Ma River discharge exhibits the clear increasing trend. It is also interesting to note that the highest decay of the turbidity is observed at the Van Uc River while average turbidity at the Red river mouth had been lower than the other river mouths since the year of 2000. Fig.8 compares the variations of the monthly averaged turbidity along the coast around the Ma River mouth. Capital letters shown in the vertical axis indicates the locations along the coast shown in the left panel of Fig.8 . The left panel also shows the alongshore distributions of the measured signal intensity of the thermo-luminescence, TL, discussed later. The location C represents the the Ma River mouth and it clearly shows increasing trend of the turbidity over the past years. The discharge of the Ninh Co River (location H) shows a clear decreasing trend and it is almost insignificant in recent times. There is no considerable turbidity level in the northern part of the Ninh Co River, which indirectly implies that little sediment was supplied from the Red River to the south side of the coast.
Turbid plumes near the Ma River mouth always show a very narrow extent and this feature may be consistent with the observed TL 6) variation. It is known that the higher TL signal of the sediments discharged from the river tends to decrease as those sediments travel along the coast. Rapid decay of TL thus indicates that the sediment is slowly transported toward the direction of decaying TL. The steeper decay of TL around the Ma River thus may indicate the slower movement of the discharged sediments compared to those around the Red River mouth. Based on these figures, several features can be observed. At the Red River, for example, both area and the number of the plume with high turbidity were larger in 2003 rather than those in 2013. The plume tends to symmetrically spread on both sides of the river mouth. Around the Ma River, on the other hand, the number of higher discharge events and degree of turbidity plumes tend to be increased in 2013. Interestingly, the turbid discharges of more than 200 FTU tend to be spread toward the south.
(4) Application to the Enshu-nada Coast
Since the MODIS red band surface reflectance gives a better prediction of turbidity in Vietnam, as a proxy measurement for turbidity the variation of the red band reflectance was examined around the Enshu-nada coast especially around the Tenryu River mouth and the Hamana inlet. Fig. 10 shows the variation along the shore of the yearly average of the normalized red band reflectance from the year 2000 to 2015.
The Tenryu River shows a higher and wider turbidity discharge compared with those of the Hamana inlet and this contrast becomes more dominant in the second row of the cell, i.e., the locations away from the inlet in the offshoreward direction. It is also seen that a westward movement is dominant around the Tenryu River mouth.
CONCLUSIONS
This study developed a monitoring system of the turbidity patterns along the coast with high temporal and medium spatial resolutions based on MODIS satellite data and tested the applicability of the system through applications to the two different coasts, northern coast of Vietnam and the Enshu-nada coast, Japan. The present monitoring system yielded equally good qualities of temporal and spatial turbidity patterns in these two sites.
Obtained turbidity patterns provided us useful information for us to understand various behaviors of suspended fine sediments discharged from rivers. Along the northern coast of Vietnam, for example, the rivers in the Red River system exhibits decreasing trend of the suspended sediment discharge while the Ma River shows the opposite increasing trend. The results around the Ma River were also consistent with the characteristics of littoral drift of sediments deduced based on the TL measurements.
